We consider a supersymmetric (SUSY) scenario including right-handed neutrinos, one of whose scalar superpartners is the lightest SUSY particle (LSP). The distinguishing feature in the collider signal of SUSY in such a case is not missing energy but a pair of charged tracks corresponding to the next-to-lightest SUSY particle, when it is, as in the case considered, a stau. Following up on our recent work on neutralino reconstruction in such cases, we explore the possibility of reconstructing charginos, too, through a study of transverse mass distributions in specified final states. The various steps of isolating the transverse momenta of neutrinos relevant for this are outlined, and regions of the parameter space where our procedure works are identified.
Introduction
If supersymmetry (SUSY) [1, 2] , broken at the TeV scale, has to validate itself as the next step in physics beyond the standard model (SM), then it is likely to be discovered at the Large Hadron Collider (LHC), with the superpartners of the SM particles being identified.
It is therefore of great importance to make a thorough inventory of collider signals answering to various SUSY scenarios. These can serve not only to unveil the general character of the scenario but also to yield a wealth of information as possible about the specific properties of the new particles.
One attractive feature of supersymmetric theories, in the R-parity (defined as R = (−) 3B+L+2S ) conserving form, is that the superparticles are always produced in pairs and each interaction vertex must involve an even number of superparticles (having R = -1).
Hence the lightest SUSY particle (LSP) is stable and all SUSY cascades at the collider experiments should end up with the pair production of the LSP. As a bonus, it provides a viable candidate for dark matter (DM) if the LSP is electrically neutral and only weakly interacting. Since the LSP, due to such a character, escapes the detector without being detected, a prototype signature of R-conserving SUSY is energetic jets and/or leptons associated with large missing transverse energy (/ E T ).
However, there can be several SUSY models [3] which include a quasi-stable next-tolightest supersymmetric particle (NLSP). This can happen in cases where the NLSP is nearly degenerate in mass with the LSP, or if its coupling to the LSP is too small. Hence the decay width of the NLSP into the LSP is highly suppressed. Consequently the NLSP becomes stable on the detector scale, its lifetime being long enough to escape the detector without decaying inside it. Thus the NLSP behaves like a stable particle within the detector. The resulting collider signals change drastically, especially if the NLSP is a charged particle. The quintessential SUSY signals then is not / E T but two hard charged tracks of massive stable particles which appear as far as up to the muon chamber. This opens up a whole set of new possibilities for collider studies, including reconstruction of the sparticle masses, something that is relatively more difficult in the presence of / E T .
The scenario we have considered here, as an illustration of such a quasi-stable NLSP, is the minimal supersymmetric standard model (MSSM) augmented with a right-chiral Diractype neutrino superfields for each generation. This is consistent with the existing evidence [4] of neutrino masses and mixing, although no explanation for the smallness of neutrino masses is offered. It is possible in such a case to have an LSP is dominated by this rightchiral sneutrino state (ν R ) together with a charged particle as the NLSP. We specifically consider a situation with a stau (τ ) NLSP 1 . Such a scenario can easily be motivated [7] by assuming that the MSSM is embedded in a high scale framework of SUSY breaking. As we shall see, this can happen in minimal supergravity (mSUGRA) [8] where the masses evolve from "universal" scalar (m 0 ) and gaugino (M 1/2 ) mass parameters at a high scale. The only extension here is the right-chiral neutrino superfield (in fact, three of them) whose scalar component derives its soft mass from the same m 0 . The existence of such a quasistable charged slepton can be well in agreement with the observed abundance of light elements as predicted by the big-bang nucleosynthesis (BBN) [9] , provided, its mass is below a TeV. Since the right-chiral sneutrino has no gauge couplling but only interactions proportional to the neutrino Yukawa coupling, the strength of which is too feeble to be seen in dark matter search experiments, such an LSP is consistent with all direct searches carried out so far. Moreover, it has been shown that such a spectrum is consistent with all low energy constraints [10] , and the contribution to the relic density of the universe can be compatible with the limits set by the Wilkinson Microwave Anisotropy Probe (WMAP) [11] with appropriate values of the relevant parameters [12] .
In this work, we have concentrated on the mass reconstruction of the lightest chargino in aτ -NLSP,ν 1 -LSP scenario. This is a follow-up of our earlier work [13] on neutrlino reconstruction under similar circumstances. We have shown that it is possible to determine the mass of the lightest chargino, produced in the cascade decay of squarks or gluinos, from the sharp drop noticed in the transverse mass [14] distribution of the chargino decay products.
More precisely, we show a way of disentangling the transverse mass of the system consisting of aτ -track and the associated neutrino from chargino decay. We suggest a method for extracting the transverse momentum (p T ) of the neutrino. Though a sizable statistics is required for this purpose, and one may have to wait for considerable accumulated luminosity after the discovery of the LHC, still this is a rather spectacular prospect. We have successfully applied the criteria, developed in our earlier work, for separating the signal from standard model backgrounds. Ways of suppressing SUSY processes that are likely to contaminate the transverse mass distributions are also suggested.
It should be mentioned that neither the signal we have studied nor the prescribed reconstruction technique is limited just to scenarios with right-sneutrino LSP. It can be applied successfully to all cases [15, 16, 17] where the NLSP is a charged scalar with quasi-stable character, provided that it decays outside the detector, leaving behind a charged track in 1 It should be remembered that the above possibility is not unique. One may as well have a spectrum in which a third family squark is the NLSP [5, 6] .
the muon chamber.
The paper is organized as follows: in Sec. 2, we motivate the scenario under investigation and present a brief review of the mass reconstruction for neutralinos as done in the earlier paper and used in this work. There we also summarise our choice of benchmark points. The signal under study and the reconstruction strategy for determining the chargino mass as well as the possible sources of background, both from the SM and within the model itself, and their possible discrimination, are discussed in Sec. 3. We summarise and conclude in Sec. 4.
2 The overall scenario, mass reconstruction and representative benchmark points
Scenarios withν R LSP andτ NLSP
As has been already stated, the most simple-minded extension of the MSSM [18] , accommodating neutrino masses, is the addition of one right-handed neutrino superfield per family.
In this situation the neutrinos have Dirac masses induced by very small Yukawa couplings.
The superpotential of such an extended MSSM becomes (suppressing family indices),
whereĤ d andĤ u , respectively, are the Higgs superfields that give masses to the T 3 = −1/2 and T 3 = +1/2 fermions, and y ′ s are the strengths of Yukawa interaction.L andQ are the left-handed lepton and quark superfields respectively, whereasÊ c ,D c andÛ c , in that order, are the right handed gauge singlet charged lepton, down-type and up-type quark superfields.
µ is the Higgsino mass parameter.
It is a common practice to attempt reduction of free parameters in the theory, by assuming a high-scale framework of SUSY breaking. The most commonly adopted scheme is based on N = 1 minimal supergravity (mSUGRA). There SUSY breaking in the hidden sector at high scale is manifested in universal soft masses for scalars (m 0 ) and gauginos (M 1/2 ), together with the trilinear (A) and bilinear (B) SUSY breaking parameters in the scalar sector. The bilinear parameter is determined by the electroweak symmetry breaking (EWSB) conditions.
All the scalar and gaugino masses at low energy obtained by renormalization group evolution (RGE) of the universal mass parameters m 0 and M 1/2 from high-scale values [19] . Thus one generates all the squark, slepton, and gaugino masses as well as all the mass parameters in the Higgs sector. The Higgsino mass parameter µ (up to a sign), too is determined from EWSB conditions. All one has to do in this scheme is to specify the high scale (m 0 , M 1/2 , A 0 , together with sign(µ) and tan β = H u / H d ) where, tan β is the ratio of the vacuum expectation values of the two Higgs doublets that give masses to the up-and down-type quarks respectively.
The neutrino masses are typically given by,
The small Dirac masses of the neutrinos imply that the neutrino Yukawa couplings (y ν ) are quite small ( < ∼ 10 −13 ).
With the inclusion of the right-chiral neutrino superfields as a minimal extension, it makes sense to assume that the masses of their scalar components, too, originate in the same parameter m 0 . The evolution of all other parameters practically remain the same in this scenario as in the MSSM, while the right-chiral sneutrino mass parameter evolves at the one-loop level [20] as
where A ν is obtained by the running of the trilinear soft SUSY breaking term A and is responsible for left-right mixing in the sneutrino mass matrix.
It follows from above that the value of Mν R remains practically frozen at m 0 , thanks to the extremely small Yukawa couplings, whereas the other sfermion masses are enhanced at the electroweak scale. Thus, for a wide range of values of the gaugino masses, one naturally ends up with a sneutrino LSP (ν 1 ), dominated by the right-chiral state. This is because the mixing angle is controlled by the neutrino Yukawa couplings:
where the mixing angle θ is given by,
Of the three charged sleptons, the amount of left-right mixing is always the largest in the third, and hence the lighter stau (τ 1 ) often turns out to be the NLSP in such a scenario. 
Neutralino reconstructed
In an earlier study [13] , we suggested a reconstruction technique for at least one of the two lightest neutralinos, in theν R LSP andτ NLSP scenario. The signal studied there was: Since the signal we investigated involves two taus in the final state, and hadronic decays of tau was considered, tau-jet identification and tau reconstruction were two important components of the procedure. For this a method suggested in [21] was used, which involved solving the following equation event-by-event:
where x τ hi (i = 1,2) is the fraction of the tau energy carried by each product jet collinear with the parent tau, when it is boosted. / p T is the vector sum of the transverse components of the 3-momenta of the two product neutrinos produced in hadronic decay of each tau. Clearly this method is applicable when there is no other invisible particle in the final state. This was ensured in the best possible manner by vetoing any isolated lepton in the final state, thus getting rid of additional neutrinos from W-decays.
The reconstruction of / p T is undoubtedly very crucial here. / p T is reconstructed as the negative of the total visible p T which receives the contributions from isolated leptons/ sleptons, jets and unclustered components. The last among these includes all particles (elec-tron/photon/ muon/stau) with 0.5 < E T < 10GeV and |η| < 5 (for muon or muon-like tracks, |η| < 2.5), or hadrons with 0.5 < E T < 20GeV and |η| < 5, which do not contribute to a jet and constitute 'hits' in the detector [22] . In order to simulate the finite resolution of detectors, the energies/transverse momenta of all particles were smeared following prescriptions detailed in [13] .
Once the tau 4-momenta are obtained, they are combined with the staus to find the stau-tau invariant mass distribution. This requires the knowledge of stau mass 2 as well as the choice of the correct pair. The correct pairs are obtained by using a seed mass forτ which was taken to be 100 GeV, satisfying the criterion |M
GeV . The actual stau mass is then extracted by demanding that the invariant masses of the twoτ τ pairs were equal, which yields an equation involving one unknown quantity, namely, mτ :
Having thus extracted mτ on an event-by-event basis in the event generator, it was demonstrated that the distribution of this mass value has a peak at the actual mτ . We have used this peak value in reconstructing the neutralino from the invariant mass distribution of theτ τ pair. In some regions of the parameter space, it is possible to thus reconstruct only χ 0 1 , as the production rate of χ 0 2 in cascade decay ofq (org) as well as the decay branching ratio of χ 0 2 →τ τ is small. In some other regions, we have been able to reconstruct both of them. There are still other regions only the χ 0 2 peak shows up. This is because of the small mass splitting between χ 0 1 andτ , which softens the tau (jet) arising from its decay, preventing it from passing the requisite hardness cut.
The choice of benchmark points
The choice of benchmark points for this study is the same as in the case of neutralino reconstruction [13] . The mSUGRA parameter space is utilised for this purpose. Aτ NLSP and aν 1 LSP occur in those regions in which one would have had aτ LSP in the absence of right-chiral neutrino superfields. We focus on both the regions where (a) mτ 1 > mν 1 + m W , and (b) the above inequality is not satisfied. In the first case, the dominant decay mode is the two-body decay of the NLSP,τ 1 →ν 1 W , and, in the second, the decay takes place via a virtual W . Decay into a charged Higgs is a subdominant channel for the lighter stau. The decay takes place outside the detector in all cases. At different benchmark points, however, the mass splittings between theτ 1 and neutralinos/charginos are different. This in turn affects the kinematic characteristics of the final states under consideration.
We have used the spectrum generator ISAJET 7.78 [23] for our study. In Table-1 we list the six benchmark points used, both in terms of high-scale parameters and low-energy spectra.
The justification of their choice and their representative character have been explained in reference [13] . Table 1 : Proposed benchmark points (BP) for the study of the stau-NLSP scenario in SUGRA with right-sneutrino LSP. The values of m 0 and M 1/2 are given in GeV. We have also set A 0 = 100 GeV and sgn(µ) = + for benchmark points under study.
It may be noted that the region of the mSUGRA parameter space where we have worked is consistent with all the experimental bounds [24] , including both collider and low-energy constraints (such as the LEP and Tevatron constraints on the masses of Higgs, gluinos, charginos etc., as also those from b → sγ, correction to the ρ-parameter, (g µ − 2) and so on). In the next section we describe the procedure for the reconstruction of χ ± 1 , for these 8 benchmark points.
Reconstruction of the lighter chargino
The final state of use for the reconstruction of the lighter chargino is
where, τ j represents a jet which has been identified as a tau jet, the missing transverse energy is denoted by E T / and all other jets coming from cascade decays are included in X 3 .
Simulation for the LHC has been done for the signal as well as backgrounds using PYTHIA em (M Z ) = 127.9 and α s (M Z ) = 0.118 respectively [10] . The hard scattering process has been folded with CTEQ5L parton distribution function [26] . We have set the factorization and renormalization scales at the average mass of the particles produced in the parton level hard scattering process. In order to make our estimate conservative, the signal rates have not been multiplied by any K-factor [27] .
The effects of initial and final state radiation as well as the finite detector resolution of the energies/momenta of the final state particles have been taken into account.
Chargino reconstruction from transverse mass distribution
Now we are all set to describe the main principle adopted by us for chargino (χ 2 ) decays into aτ -τ pair. Since the decay of χ ± 1 involves an invisible particle (ν τ ), for which it is not possible to know all the four components of momenta, a transverse mass distribution, rather than invariant mass distribution, ofτ -ν τ pair will give us mass information of χ ± 1 . In spite of the recent progress in measuring the masses of particles in semi-invisible decay mode (for example the m T 2 variable introduced by [28] and its further implications [29] ), we have focused on transverse mass 3 In order to avoid the combinatorial backgrounds, we have considered events with two opposite signτ 's only.
variable (m T ) because of the fact that the only invisible particle present in the final state is the neutrino, which is massless.
The procedure, however, still remains problematic, because the τ on the other side (arising from neutralino decay) also produces a neutrino in the final state, which contributes to E T / .
In order to correctly reconstruct the transverse mass of theτ − ν τ pair from chargino decay, the contribution to E T / from the aforementioned neutrino must be subtracted.
Keeping this in mind, we have prescribed a method for reconstruction of the transverse component of the neutrino 4-momenta ( P T ν 1
) produced from the decay of χ ± 1 , in association withτ . To describe it in short:
We label the transverse momentum of the neutrino coming from chargino decay by P
Attention is focused on cases where the tau, produced from a neutralino, decays hadronically and the τ -jet, out of a one-prong decay of tau, is identified following the prescription of [21] . We have assumed a true tau-jet identification efficiency to be 50%, while a non-tau jet rejection factor of 100 has been used [30, 31, 32] (The results for higher identification efficiency are also shown in Sec. 4.). We have also assumed that there is no invisible particle other than the two neutrinos mentioned above. We have attempted to ensure this by vetoing any event with isolated charged leptons. This only leaves out neutrinos from Z-decay and W -decays into a τ ν τ pair. The contamination of our signal from these are found to be rather modest.
The transverse momenta of the neutrino ( P T ν 2 ), out of a tau decay, is first reconstructed in the collinear approximation, where the product neutrino and the jet are both assumed to move collinearly with the parent tau. In this approximation, one can write
Following the decay χ 
This pairing requires the charge information of the tau-induced jet. We have assumed that, for a true tau-jet, the charge identification efficiency is 100%, while to a non-tau jet we have randomly assigned positive and negative charge, each with 50% weight. One can solve this equation for x (neglecting the tau-jet invariant mass 4 ), to obtain
This requires the information of m χ 0 1 (or, m χ 0
2
) and mτ as well, which we have used from our earlier work for the respective benchmark points. Once x is known we have,
Hence, the transverse component of the neutrino, out of χ ± 1 -decay can be extracted from the knowledge of / E T of that particular event 5 . This is given by,
Finally, from the end point of the transverse mass distribution of theτ -ν τ pair the value of
can be obtained. However, one should keep in mind that, both χ 0 1 or χ 0 2 can decay into aτ τ pair. Therefore, it is necessary to specify some criterion to separate whether a givenτ τ pair has originated from a χ In order to identify the origin of a given opposite signτ -τ pair, the first information that is to be extracted from data is which benchmark region one is in. We have assumed of gaugino mass universality for this process, for the sake of simplicity. Next, for each event that we record, we look at aτ and a τ -jet of opposite signs. The invariant mass distribution of thisτ τ j pair displays a peak whose location, although not precisely telling us about the parent neutralino, is still in the vicinity of the mass values.
If one looks at the effective mass (defined by
Thus, by observing these distributions ( Figure 2 ) one often is able to tell whether it is a χ 0 1 or a χ 0 2 , once one simultaneously uses information obtained from the M ef f distribution. 5 For details on the reconstruction of / E T see [13] . As has already been noted in [13] , the mass of either χ 
SM backgrounds and cuts
The final state we have considered, namely, τ j + 2τ (opposite − sign charged track) + E T / + X, suffers from several SM background processes. This is because charged tracks in the muon chamber due to the presence of quasistable charged particle can be faked by muons.
Such faking is particularly likely for ultra-relativistic particles, for which neither the timedelay measurement nor the degree of ionisation in the inner tracking chamber is a reliable discriminator. The dominant contributions come from the following subprocesses:
1. tt: This is a potential background for any final state in the context of LHC, due to its large production cross-section. In this case tt → bW +b W − , followed by various combinations of leptonic as well as hadronic decays of the b and the W , can produce opposite sign dimuons and jets. The jets may emanate from actual taus, but may as well be fake. One has an efficiency of 50% in the former case, and a mistagging probability of 1% in the latter. The tt cross-section has been multiplied by a K-factor of 1.8 [33] .
2. bb: This, too, has an overwhelmingly large event rate at the LHC. The semileptonic decay of both the b's (b → cµν µ ) can give rise to a dimuon final state and any of the associated jets can be faked as tau-jet. Though the mistagging probability of a nontau jet being identified as a tau-jet is small, the large cross-section of bb production warrants serious attention to this background. First of all, we have subjected the events to the following basic cuts:
• p lep,track T > 10 GeV
• |η| < 2.5 for Leptons, Jets & Stau
Though the above cuts largely establish the bona fide of a signal event, the background events are too numerous to be effectively suppressed by them. One therefore has to use the fact that the jets and stau-tracks are all arising from the decays of substantially heavy sparticles.
This endows them with added degrees of hardness, as compound to jets and muons produced in SM process. Thus we can impose a p T cut on each track on the muon chamber, and also demand a large value of the scalar sum of transverse momenta of all the visible final state particles:
• p muonlike track T > 100 GeV
The justification of these cuts can also be seen from Figures 3 and 4 . It may be noted that no invariant mass cut on the pair of charged tracks has been imposed. While such a cut, too, can suppress the dimuon background, we find it more rewarding to use the scalar sum of p T cut.
SUSY backgrounds
Apart from the SM backgrounds, SUSY processes in this scenario itself contribute to the final state τ j + 2τ + E T / + X, which are often more serious than the SM backgrounds.
These events will survive the kinematic cuts listed in the previous subsection, since they, too, originate in heavy sparticles produced in the initial hard scattering. The dominant contributions of this kind come from:
j production in cascade decay of squarks/gluinos: This is one of the potentially dangerous background where both the χ 0 i 's (i, j = 1, 2) decay intoτ τ -pairs, with only one tau being identified. This then mimics our final state in all details with a much higher event rate.
2.ν τ L χ 0 i production in cascade decay of squarks/gluinos: The decay ofν τ L as part of the cascade produces a Wτ 1 -pair, while the χ 0 i decays into aτ τ -pair to give rise to same final state with an additional W which then can decay hadronically. Theν τ L is produced in association with a tau in large number of events (e.g., χ ± 1 →ν τ L τ ). Theν τ L can also be produced from, say, a χ 0 2 . In both of the above situations, a tau-stau pair can be seen together with another stau track, thus leading to a background event.
The first background can be reduced partially by looking at the invariant mass distribution of theτ (having same sign as that of the identified τ in the final state) with each jet in the final state. If this distribution for any particular combinations falls within Figure 2 ; the invariant mass of a τ -induced jet and theτ which shows a peak close to the mass of the neutralino from which theτ -τ pair is produced. This has been denoted by Cut X in Tables 2 and 3 . In addition, if the available information on the effective mass tells us that the χ 0 2 is better reconstructed in the region, and is produced along with a χ Tables 2 and 3 . Of course, while it is useful in reducing the background, a fraction of the signal events also gets discarded in the process.
Numerical results
We finally present the numerical results of our study, after imposing the various cuts for all the benchmark points. From Tables 2 and 3 . Thus, although the demand 0 < x < 1 is not meant specifically for background elimination, it is nonetheless helpful in reducing backgrounds. We have verified that the SM contributions within a bin of ±20GeV around the reconstructed peak is very small.
As has been already mentioned, SUSY backgrounds within the model itself is hard to get rid of completely. The peak in the transverse mass distribution of theτ -ν τ pair get smeared due to such background events (see Figure 4) . We have already mentioned two suggested cuts, namely, X and Y, which partially reduce these backgrounds. Of these, cut Y suppresses (by about 15%) some of theν τ L -χ After all this effort, however, one still left with background events which smear the peak in the transverse mass distribution of theτ ν τ -pair. We have to impose an aadditional cut on the transverse mass distribution to separate the peak from the background event. This is in the form of the demand M ) by looking at the peak, followed by a sharp descent, in the transverse mass distribution for several benchmark points.
The transverse mass distributions for different benchmark points are shown in Figures 5 and 6. The tau-identification efficiency is assumed to be 50% in Figure 5 ; Figure 6 reflects the improvement achieved in a relatively optimistic situation when this efficiency is 70%. . One has about 50% of the events coming from other SUSY processes (Table 2) . Also the peak is not clearly visible due to the presence of a large number of χ The situation is similar for BP2 as well. In BP3 and BP4 the peak followed by a sharp fall is considerably more distinct, from which one can extract the value of m χ ± 1 . For BP5 and BP6 the contamination due to the SUSY background is found to be small compared to the other benchmark points.
The χ ± 1 production rate in cascade decays of squarks/gluinos is also higher there. Hence the transverse mass distribution shows a distinct peak, from which a faithful reconstruction of chargino mass is possible. Figures 5 and 6 shows, the prospect can be improved noticeably if one has a better tau identification efficiency (ǫ τ = 70%). In such a case, the background from χ 
As a comparison between

Summary and conclusions
We have considered a SUSY scenario where the LSP is dominated by a right-sneutrino state, while a dominantly right-chiral stau is the NLSP. The stau, being stable on the length scale of collider detectors, gives rise to charged tracks, the essence of SUSY signal in such a scenario.
It is also shown that such a spectrum follows naturaly from a high-scale scenario of universal scalar and gaugino masses.
We have extended our earlier study on the mass reconstruction of non-strongly interacting superparticles in such cases, by considering final states resulting from the decays of a χ To conclude, the existence of quasi-stable charged particles, a possibility not too farfetched, opens a new vista in the reconstruction of superparticle masses. We have repeatedly suggested utilisation of this facility in our works on gluino [6] and neutralino [13] mass reconstruction. The present work underscores a relatively arduous task in this respect, in obtaining transverse mass edges in chargino decays. In spite of rather challenging obstacles from underlying SUSY processes, we demonstrate the feasibility of our procedure, which is likely to be enhanced by improvement in, for example, the W-and tau-identification efficiencies. Table 2 : Number of signal and background events for the τ j + 2τ (charged-track)+E T / + X final state, considering all SUSY processes, for BP1, BP2 and BP3 at an integrated luminosity 300 f b −1 assuming tau identification efficiency ǫ τ = 50%.
